The feasibility of using the fluorescent glucose analog 2-[N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)amino]-2-deoxy-Dglucose (2-NBDG) as a novel tool for FACS analysis during the ES cell differentiation process has been discussed. 2-NBDG entered into the ES cells via a D-glucose specific uptake activity and a general metabolic activity. Although the 2-NBDG uptake was not distinct enough for discriminating cell types, changes in the histogram of 2-NBDG loaded cells during differentiation paralleled with their morphological changes. Thus, it was suggested that 2-NBDG could be used for monitoring the metabolic status of cells during differentiation as an additional marker for higher resolution analysis by FACS.
Introduction
Embryonic stem cells (ES cells) possess the properties of unlimited proliferation and pluripotency.
1,2 Accordingly, the ES cells are potential cellular resources for therapeutic use in regenerative and cellular medicine. For their utilization, the ES cells, in most cases, have to be differentiated into the desired type of functional cells in vitro first and then transplanted into in vivo. However, despite great efforts, the efficiency of ES cell differentiation has been less effective in terms of both yield and functionality. Therefore, to distinguish and purify the desired cells from the heterogeneous mixture, it is very important to have an effective method to evaluate the cellular status of individual cells during the differentiation process. So far, the only method available for evaluating the cellular status, on the basis of which the cells could be used for further experimentation, is flow cytometry followed by fluorescence-activated cell sorting (FACS) utilizing a fluorescent-dye modified cellular-status-specific surface antigen. 3, 4 The performance of FACS, however, is strictly dependent on the presence of a differentiation-specific surface antigen. Unfortunately, the types of cellular-status-specific antigens found on the cell surface are extremely limited, and thus the development of novel cellular status-specifying and fluorescent indicators is highly desirable.
To address this problem, we focused on a fluorescent D-glucose analog, 2-[N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)amino]-2-deoxy-Dglucose (2-NBDG), which we had developed 5, 6 as an indicator of glucose uptake activity. 2-NBDG has been successfully used to image and monitor glucose uptake in various types of living cells, ranging from Escherichia coli to mammalian cells. 510 Since it is expected that different types of cells would exhibit different metabolic activities, 2-NBDG could be used as a fluorescent indicator for discriminating cellular types based on their glucose uptake activity. In this communication, the feasibility of using 2-NBDG as a novel tool for FACS analysis during ES cell differentiation process has been discussed.
Experimental

Cell culture
Feeder free mouse ES cells, EB3, 11, 12 were kindly donated by Dr. H. Niwa (Riken Institute, Japan). ES cells were cultured as described in Ref. 13 . Mouse embryonic fibroblasts (MEFs) were isolated from 14-day-pregnant mice and cultured following the protocol described in Ref. 14. To induce differentiation, ES cells were cultured under the same condition as above but in the absence of leukemia inhibitory factor (LIF).
Fluorescence analysis
Cells were washed with HEPES buffer (10 mM HEPES, 150 mM NaCl, 5 mM KCl, 1 mM MgCl 2 and 2 mM CaCl 2 , pH 7.3) and then incubated in a fresh aliquot of the same buffer for 20 min. Next, these cells were incubated with 50 µM of fluorescent glucose analog for 0 to 30 min. The confocal fluorescent images of cells were subsequently observed with LSM 510 (Zeiss, Oberkochen, Germany) using 488 nm laser and 505530 nm band-pass filter after replacing the fluorescent glucose analog solution with the culture medium. For flow cytometry, cells incubated with the fluorescent glucose analog for 20 min were washed with PBS (Sigma-Aldrich). Then the cells were detached from the glass culture dish by treating with trypsin-EDTA (Gibco), the detached cells were collected, washed once with PBS and subsequently used for the flow cytometry analysis (FACS AreaII, BD Bioscience, San Jose, CA). For the fluorescence analysis, samples were excited with 488 nm blue laser, and emissions were detected with 530/30 nm BP filter.
Results and Discussion
Analysis of fluorescent glucose analog uptake in ES cells
and MEFs First, fluorescent images were analyzed using confocal microscopy to determine whether living ES cells indeed took up 2-NBDG. As shown, 2-NBDG was taken up by ES cells (Fig. 1A) . However, unexpectedly, 2-NBDLG, 15 which is the L-isomer of 2-NBDG, was also taken up by the ES cells (Fig. 1B) . Since 2-NBDLG is composed of L-glucose, which is not a substrate for the mammalian glucose transporter, it was unlikely that 2-NBDLG was imported into the cells via the intrinsic glucose-transport mechanism. MEFs, as a model for differentiated cells, were also able to take up 2-NBDG as shown in Fig. 1C . In all cases, many small fluorescent dots were observed inside the cells, suggesting that some of the fluorescent glucose analogs were entrapped in small areas. Although further investigation is definitely needed, the fact that these small dots are observed inside the cells suggested the existence of a separate cellular mechanism, such as endocytosis, for cellular intake of both fluorescent glucose analogs. To compare the uptake of these fluorescent glucose analogs, the ES cells and MEFs were incubated separately with each analog, following which they were analyzed by flow cytometry. Figure 2 shows the mean fluorescence intensities after incubation of cells with the given fluorescent glucose analog for the indicated time. In all cases, more fluorescent glucose analogs were taken up by the cells with the increase in the loading time. A comparison of the 2-NBDG and 2-NBDLG uptake data revealed that at each incubation time point the uptake of 2-NBDG by ES cells was higher than that of 2-NBDLG, suggesting that the major pathway for the entry of 2-NBDG into these cells is via a D-glucose specific glucose uptake mechanism such as glucose transporter 1 (GLUT 1). 16 Thus, in addition to a general cellular uptake activity, such as by endocytosis, 2-NBDG was transported into the ES cells via this specific glucose uptake mechanism.
ES cells grew very fast, and their doubling time was about 12 h, suggesting that these cells are metabolically very active as the case of cancer cells. 16, 17 Therefore, we expected that the uptake rate of 2-NBDG in the ES cells would be higher than in other differentiated cells whose doubling time is slower than that of the ES cells. However, contrary to our expectation, MEFs exhibited higher 2-NBDG uptake activity than the ES cells (Fig. 2) . Since MEFs are larger than ES cells, this observed discrepancy in 2-NBDG uptake activity could be because the larger cells needed to acquire more energy source than the smaller cells for growth and maintenance. Nevertheless, these results showed that different cell types exhibited different 2-NBDG uptake activity. Fig. 3 . Since mouse ES cells maintain a proliferative and undifferentiated state in vitro without feeder cells by the addition of LIF to the growth medium, 18 in this experiment we intentionally omitted LIF from the growth medium to evoke cell differentiation. In the beginning, when the mouse ES cells were cultured with LIF, shapes of the cells were round, and the histogram of ES cells taking up 2-NBDG looked symmetrical, suggesting that the cells were relatively homogeneous (0 h; Fig. 3A ). Once the differentiation was initiated, flatten cells appeared at 24 h (Fig. 3B) , and a clear shoulder appeared in the histogram at around 10 3 , suggesting that at this stage there were cells of at least two different statuses (i.e., two different populations). This could have resulted from the weaken viability caused by the removal of LIF, which is an important cytokine, or because the cells were able to provide energy by digesting molecules (such as proteins involved in maintaining the undifferentiated status) that were not necessary for the differentiation process any longer. As the postinduction period moved towards 72 h, these cells kept changing their morphology dramatically (Figs. 3C, 3D ; left panels), with a concomitant decrease in the ratio of the shoulder in the histogram (Figs. 3C, 3D ; right panels). In addition, the peak of the histogram shifted to stronger fluorescence intensity. As seen in the photomicrographs of cells (Fig. 3, left panels) , this period was considered as the time when the most dramatic morphological changes occurred, and thus it was suggested that due to the changing status these cells needed more energy than for maintaining the same status as at 0 h. Finally, 96 h post-induction, the morphological changes appeared to be settling down and the histogram seemed to be composed of rather homogenous population of cells. As we discussed in Fig. 2 , as a model differentiated cells the MEFs exhibited higher 2-NBDG uptake activity than the ES cells, suggesting that the size of cell could be the main factor for the 2-NBDG uptake activity. However the comparisons of the mean values of forward scattering (FSC) which correlate the cell volumes (2012) confirmed us the fact that the fluorescent intensity indeed reflects other factors. For instance, the FSC value at 24 h was higher than at 0 h, while the population of cells exhibiting weak fluorescence increased. This result indicated that there were larger cells having weaker 2-NBDG uptake activity comparing to ES cells. In contrast, the comparison of the FSC values between at 96 h and 0 h proved that there were smaller cells indicating higher 2-NBDG uptake activity. Thus the observed shift in the histogram peak could have resulted from the cell differentiation, reflecting cellular metabolic status. Although further information is definitely needed to understand the reason behind this shift in the peak of the histogram and the relationship between the fluorescence intensity and status of cells, results described here suggest that the 2-NBDG uptake activity indeed reflects a change in the cellular status during differentiation. Unfortunately, the observed shift in fluorescence intensity was not large enough to fully distinguish the status of each cell. Therefore, under the current experimental condition it would be difficult to utilize 2-NBDG alone as an indicator for cell purification using FACS. However, a combination of the traditional cell-sorting indicators, such as the cellular-status-specific surface antigens, and 2-NBDG uptake may pave the way for a higher resolution analysis, revealing not only the status on the expression of the gene of a cell surface-associated protein but also the status on the metabolic activity of the cell during the differentiation process. We believe that this novel approach for evaluating the differentiation process will significantly contribute to the progress of many future studies related to regenerative medicine and tissue engineering because, in both disciplines, the living ES cells are utilized as a cellular resource.
Analysis of the 2-NBDG uptake activity during the differentiation process of ES cells Next, the 2-NBDG uptake activity of ES cells was analyzed during differentiation and the results are shown in
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Conclusion
In this report, the feasibility of using 2-NBDG as a novel tool for FACS analysis during ES cell differentiation process has been discussed. Our results suggested that the cellular uptake of 2-NBDG was not sufficiently distinct to be used as a unique tool for discriminating cellular status or cell homogeneity. However, for a higher resolution analysis and better purification of cells by FACS, the 2-NBDG uptake could help in discriminating cells with altered metabolic status during differentiation. 
